INTRODUCTION
The ideal Lagrangian scheme for sampling rivers is to collect an initial sample of the water, to follow this same mass of water in the river, and to collect additional samples in a downstream spatial sequence so that chemical, physical, and hydrologic processes altering the characteristics of the water mass can be investigated. The additional samples collected at sites downstream define individual water masses that, in practice, do not coincide with the initial water mass but are sometimes upstream and sometimes downstream from the initial water mass. The individual water masses have an approximate length equal to the product of the time required to collect the water sample (1 to 6 hours centered around noon; Moody and Meade, 1992 ) and the mean crosssectional velocity (1 to 4 mi/h; Meade, 1992,1993) or about 1 to 24 mi. The water within and between these individual water masses is defined as the collective water mass. The length of the collective water mass is the distance between the midpoint of the individual water mass that is farthest downstream in the Mississippi River and the midpoint of the individual water mass that is farthest upstream in the Mississippi River and is shown schematically in figure 1. The length does not include those individual water masses still in tributaries. The Lagrangian sampling scheme has an advantage over the traditional Eulerian sampling scheme in Figure 1. Conceptual diagram showing the individual and collective water masses. The individual water masses are numbered in the order in which they were collected. Number 1 (#1) is the initial sample and number 2 (#2), 3 (#3), and 4 (#4) are additional samples. The numbers along the left descending bank are the river miles (upstream from a reference point) of the midpoint of each individual water mass. On day 5, individual water mass #3, at mile 1192, is still in a tributary and not part of the collective water mass, so that the length of the collective water mass is the distance between the midpoint of the individual water mass that is farthest downstream (#2) and the midpoint of the individual water mass that is farthest upstream (# 1) or 69 miles. On day 6, the individual water mass #3 has joined the mainstem and is the farthest upstream so that it becomes the upper bound and the length of the collective water mass is 116 miles.
which samples are collected in a time sequence at a fixed point, in that the data can be used to construct transport models of dissolved chemicals, suspended sediment, and the chemicals associated with suspended sediment (Meade and Stevens, 1990 fig. 2A ). Sample collection that deviates from the ideal Lagrangian scheme on these rivers probably is of little consequence because the spatial variability of dissolved chemicals or suspended sediment in the river probably is small similar to the annual variability in river stage. The Orinoco and Amazon Rivers are still virtually natural rivers in contrast to some of the large regulated rivers of North America like the Mississippi River. An annual graph of river stage for the Mississippi River is also basically a sinusoidal-shaped curve but has large amplitude variations that occur about every 3 to 4 weeks ( fig.  2B) , and reflect the narrowing of the flood plain with manmade levees and the periodic occurrence of temperate cyclonic storms.
To interpret chemical data derived from Lagrangian sampling of the Mississippi and similar rivers, it is important to know (1) how far the individual water masses are from the center of the initial water mass, and (2) the natural spatial variability of dissolved chemicals in the rivers (Moody and Goolsby, 1993) . Small deviations in distance of the individual water masses from the center of the initial water mass can produce large changes in concentrations that are caused by spatial variability and not by chemical, physical, or hydrological processes.
The U.S. Geological Survey used the Lagrangian sampling scheme on a 320-mi reach of the Mississippi River upstream from its mouth between 1983 and 1985 to study transport of suspended sediment and associated chemicals (Demas and Curwick, 1987; . Later, the U.S. Geological Survey did a study of sediment-transported contaminants by using the Lagrangian sampling scheme along the lower 1,120 mi of the Mississippi River (Pereira and others, 1990; 1992; Leenheer and others, 1989; Rees and Ranville, 1990; and Taylor and others, 1990 ). This study used the 57-ft research vessel ACADIANA (owned and operated by the Louisiana Universities' Marine Consortium) to follow and sample the water downstream.
Purpose and Scope
This report evaluates the Lagrangian scheme for collecting water samples during six sampling cruises on the Mississippi River and some of its tributaries in July-August 1987; NovemberDecember 1987; May-June 1988; March-April 1989; June 1989; and March 1990. During these cruises water samples were collected from 24 sites along a 1,120-mi reach of the Mississippi River starting about 60 mi north of St. Louis, Missouri, and ending about 70 mi north of the mouth of the Mississippi River. Water samples also were collected from sites within 100 mi of the mouth of the following tributaries: Illinois, Missouri, Ohio, White, Arkansas and Yazoo Rivers. The Lagrangian sampling sites are shown in figure 3 and listed in table 1. Ideally, the Lagrangian sampling scheme would result in the midpoint of all individual water masses being at the same location as the initial water sample and the length of the collective water mass would be zero. Therefore, the Lagrangian scheme is evaluated by estimating the relative location of each individual water mass inside the collective water mass and the length of the collective water mass. This information is provided so that it can be combined with data on spatial variability to aid in the interpretation of Lagrangian data sets, especially those involving chemical data, and to aid in planning future Lagrangian sampling of other rivers. Jobson, 1989 ; and Morel-Seytoux and others, 1993). All these models are predictive by design. In order to evaluate the Lagrangian sampling scheme (after sampling has been completed) it is not necessary to use one of these numerical predictive velocity models, which require extensive calibration. In fact, smaller errors will be incurred if the water velocities are interpolated directly from velocity versus stage or discharge relations using the measured river stages for each day during the sampling cruise.
A simple, one-dimensional routing method (see Appendix for the BASIC program listing) was devised to route the water masses down the tributaries and then down the Mississippi River. This method is based on the following assumptions:
1. The mean velocity in a regularly gaged cross section is representative of a reach of the river ranging in length from 6 to 234 mi.
2. The mean velocity in a cross section can be determined by use of a linear regression relation based on either the stage or discharge measured at the same cross section.
3. The mean velocity within a reach of the river remains constant for 24 hours from noon of one day to the noon of the next day.
4. All individual water masses within a reach of the river move at the same mean velocity.
5. The center of an individual water mass is sampled at noon.
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The boundary between some reaches is the point where a tributary meets the Mississippi River; this occurs at confluences with the Illinois River (river mile 1171.8), Missouri River (river mile 1149.1), Ohio River (river mile 953.8), White River (river mile 598.8), Arkansas River (river mile 581.5), and Yazoo River (river mile 437.2). The estimate of velocity within each reach and for each day of the cruise was determined: (1) 
Errors and Verification
The gaging sites where velocities are measured are almost always located at narrow, stable cross sections of the river or tributary; therefore, the measured velocity can be slightly higher than the reach-averaged velocity. The magnitude of this bias error is unknown without measuring several cross-sectional mean velocities within a reach and comparing them with the velocity at the gaging site. An approach to estimating this variability, however, is to determine the variability in a composite reach of the Mississippi River that includes several of the smaller reaches in figure 4 . On the basis of the velocities calculated from stage and discharge relations in table 2 for 11 reaches from St. Louis to St. Francisville (river mile 1149.1 to river mile 234.0) the mean velocity at low water (May 28,1988) was 2.4 mi/h with a standard deviation of 0.3 mi/h or 13 percent, and the mean velocity at high water (March 19,1989) was 3.8 mi/h with a standard deviation of 0.9 mi/h or 22 percent. Thus, the velocities at the measuring sites could be 13 to 22 percent higher than the reach-averaged velocities.
The error associated with the velocities predicted by the regression equations listed in table 2 was determined by comparing them with measurements made at the same sites during sampling cruises (St. Louis, Thebes, Hickman, Helena, Arkansas City, and Vicksburg in tables 1 and 2). There were 33 comparisons for the 6 cruises, and the predicted velocities averaged about 6 percent greater than the measured velocities with standard deviation of 13 percent.
A verification of the one-dimensional routing method's ability to predict the location of individual water masses was obtained in May-June 1988 when 100-300 surface drift cards (total 5,000 cards; see Moody and Meade, 1992 , for details) were released at each sampling site. About 1 percent (41 cards) were recovered downstream while floating in the river. The distance that the cards had moved on the surface was not equal to the distance that water traveling with the crosssectional mean velocity would have moved, so that the surface distances were adjusted by multiplying by the ratio (0.85) of the depth-averaged velocity to the surface velocity based on results given by Savini and Bodhaine (1971) and Rantz and others (1982) . These adjusted surface distances were compared to the routing distances predicted by the one-dimensional routing method. For 18 of the recovered drift cards, the routing distance was much larger than the adjusted surface distance, indicating that the cards had been detained for a considerable length of time, perhaps in an eddy (one was actually found in an eddy, recovered, released again, but never found a second time) or perhaps washed ashore and refloated these cards were not used to verify the routing method. Of the 23 remaining cards, 19 were recovered in the same reach of river (maximum adjusted surface distance was 56 river miles) in which they were released and were used to verify the reach-average velocity by computing the distance traveled. The average difference (absolute value) between the routing and adjusted surface distance was 17 percent and, in general, the routing method overestimated the distance traveled by about 7 percent. The 4 drift cards that had traveled more than one reach were used to verify routing through successive reaches (maximum adjusted surface distance was 165 river miles). The average difference (absolute value) between the routing and adjusted surface distance was 27 percent and again, in general, the routing method overestimated the distance traveled by about 16 percent. Certainly, the recovery of more cards would have improved this verification, but this independent verification agrees with the error estimated in the previous paragraphs and suggest that this routing method probably overestimates the length of the collective water mass and the separation between individual water masses.
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RESULTS OF ROUTING METHOD
Location of Individual Water Masses
The location (river miles above the mouth of the Mississippi River at Head of Passes) of each individual water mass was calculated for noon of each day of each cruise using the routing method described above. The midpoint of an individual water mass was moved in distance increments of 1 mi assuming that the velocity was constant within each reach and that the velocity changed in a step-like manner as the individual water mass crossed the boundary separating reaches. The increment of time to move a distance of 1 mi was added to the elapsed time (measured from noon) until the elapsed time exceeded 24 hours. The location at noon was then calculated by interpolating between the last location at an elapsed time greater than 24 hours and the previous location at an elapsed time less than 24 hours. The locations are given in tables 3-8 for the midpoint of each individual water mass, and the individual water masses that are still in a tributary and not in the Mississippi River are identified by an asterisk.
Length of Collective Water Mass
In general, the length of the collective water mass (tables 3-8) will increase with time as practical limitations (fuel stops, crew changes, equipment malfunctions, and so forth) dictate that sampling sites are sometimes downstream or upstream from water that was previously sampled. The length of the collective water mass is not necessarily the maximum minus minimum river mile listed in tables 3-8. For example in table 3 the Illinois River water mass (ILL in table 3) at noon on July 21,1987 is at river mile 1181, which is in the Illinois River (mouth of Illinois River is at river mile 1171.8) and the Missouri River water mass (HER in table 3) is at river mile 1194, which is in the Missouri River. The length of the collective water mass for July 21,1987 is, therefore, 1150 mi (which is not the maximum distance) minus 1145 mi (which is the minimurn distance) or 5 mi. The Illinois River water mass enters the Mississippi River and becomes part of the collective water mass sometime during the afternoon of July 21,1987 so that the length of the collective water mass on July 22,1987 is the distance between the maximum (1162 mi) and minimum (1082 mi) distances listed for the individual water masses or 80 mi.
The length of the collective water mass might decrease as the leading individual water mass enters a reach where velocities are less than the velocities of the reach in which the trailing individual water mass is located. This happened during the first cruise (table 3) between August 6 and 7 when the Winfield water mass entered the Belle Chasse reach (river mile 234.0 to river mile 0.0, table 2) just before noon on August 6,1987 and slowed down to about 1.0 mi/h; while the Arkansas River water mass (identified as 55. in table 3) was still in the Vicksburg reach (river mile 499.5 to river mile 397.5, table 2) where the velocity was about 2.5 mi/h. The net effect was that the length of the collective water mass decreased from 226 mi to 190 mi. Total water volume or mass was still conserved because the mean depth of the river in the Belle Chasse reach is about twice the mean depth in the Vicksburg reach.
The length of the collective water mass is not listed in tables 3-8 if the leading individual water mass reached the Gulf of Mexico (noon location less than river mile 0.0) before the end of the cruise. This occurred for the last three cruises made during high water when water velocities were often 3-5 mi/h in some reaches of the Lower Mississippi River (river mile 953.8 to river mile 0.0). There were increases in the length of the collective water mass during some cruises as a result of days spent at a dock changing crews or in a shipyard making repairs. One such increase occurred between July 27-28,1987 (elapsed day 10-11 in fig. 6 ) and another between June 16-17, 1989 (elapsed day 13-14 in fig. 7 ) when the length of the collective water mass increased about 100-150 mi in 24 hours.
Tune spent going up and sampling a tributary was an advantage to the Lagrangian sampling scheme of the Mississippi River when the river was low and moving slowly but a disadvantage when the river was high and moving fast. An example of this disadvantage was in March-April 1989 ( fig. 6 ) when the river was high (typical velocities in the Lower Mississippi River were 3-5 mi/h) and 2 days were spent sampling the White River on March 22 and the Arkansas River on March 23 (elapsed day 14-15 in fig. 6 ). The length of the collective water mass on March 24, when the Mississippi River was sampled above Arkansas City, was 422 mi (table 6) ; however, if the tributaries had not been sampled and the Mississippi River above Arkansas City had been sampled on March 22 the length of the collective water mass would have been about 100 mi shorter. For this reason, during the March 1990 cruise, no tributaries were sampled so that the first spring runoff from the Ohio River could be sampled in a Lagrangian sequence just upstream from the confluence of the Ohio and Wabash Rivers near Uniontown, Kentucky (tables 1 and 2 and fig. 3 ), to Belle Chasse, Louisiana. This cruise was during high-water conditions and the maximum length of the collective water mass was 205 mi much less than the maximum lengths of 474 and 531 mi for the high-water sampling cruises of March-April 1989 and June 1989. Given the errors associated with the velocities predicted by the regression equations, the lengths of the collective water masses (shown in figure 6 and 7) are most likely a maximum, and the actual length or maximum separation between individual water masses is smaller. A time line for each cruise is drawn in figure 8 . This line connects dots representing the location and time of each sample of an individual water mass in the Mississippi River. The rectangle represents the length of the collective water mass and includes all the water previously sampled at upriver sites (see tables 3-8 for the exact location of individual water masses).
Samples collected during the May-June 1988 cruise were the closest to ideal Lagrangian scheme. The maximum length of the collective water mass (which occurred on the last day) was 137 mi (table 5) but was usually about 100 mi. The samples from the other low-water cruise in November-December 1987 formed a collective water mass that had a maximum length of 157 mi (table 4) , and the samples collected during the cruise that followed the Ohio River spring runoff in March 1990 had a length of the collective water mass that was equal to or less than 205 mi (table 8). The first cruise had the fourth longest collective water mass (239 mi) owing partly to time spent in a shipyard, changing crews, and sampling tributaries (table 3) . The other two highwater cruises had the largest length of the collective water mass of 474 and 531 mi a combined result of shipyard time, crew changing, sampling tributaries, and the inability to operate the research vessel 24 hours per day, which would have allowed the vessel to catch up to the individual water masses moving downstream (tables 6 and 7).
If the average river velocities at low and high water were 2 and 3 mi/h, respectively, the total length of water flowing past a fixed point during the period of each cruise was about 1,100 mi for the three cruises during low-water conditions, about 1,750 mi for the first two cruises during high- Figure 8. lime lines for six cruises showing the time and location of each Lagrangian sample (solid circle) and its relative location within the collective water mass (crosshatched rectangle). The three cruises at the top were made during low-water conditions and the three cruises at the bottom were made during high-water conditions. The last cruise (lower right) specifically was designed to follow the Ohio River water mass.
water conditions, and about 1,000 mi for the last cruise that followed the Ohio River spring runoff. 
SUMMARY
The Lagrangian scheme that was used to follow the same water downstream and to collect additional samples from the same water was evaluated for three sampling cruises during lowwater conditions and three sampling cruises during high-water conditions along a 1,120-mi reach of the Mississippi River. The collective water mass increased in length as the additional samples were sometimes collected downstream and sometimes upstream from previously sampled water owing to ship repairs, changing crews, operating the research vessel only during daylight, and taking time to sample tributaries of the Mississippi River. The length of the collective water mass ranged from 137 mi for a cruise during low-water conditions in May-June 1988 to 531 mi for a cruise during high-water conditions in June 1989. By eliminating the sampling of tributaries and using only 1 day for a crew change, the cruise during high-water conditions, which was designed to follow the Ohio River spring runoff in 1990, resulted in the collection of Lagrangian samples that reduced the length of the collective water mass, compared to the other two cruises during high-water conditions, by about 40 percent.
